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Introduction
The progress in the development of energy storage technologies makes it possible to predict in the near future significant changes in the organization of the functioning of energy systems. In connection with the advent of an energy storage unit in the power system, it will be necessary to revise the circuit and regime solutions, the composition of the equipment, the planning, optimization and maintenance of regimes, as well as the emergency control system. Fast-speed energy storage devices already have acceptable technical and economic performance. This is a battery energy storage systems (BESS), supercapacitors, electromechanic energy storage and superconducting magnetic energy storage (SMES). It is more correct in this case to use the term energy storage system (ESS) because the energy storage device for connection to the power system requires a system communication device (SCD). Currently, the most actively developing ESS with BESS.
ESS is a multifunctional device and in addition to active power control, it is capable of simultaneously performing the functions of a reactive power control device, an active filter of higher harmonics, as well as a three-phase voltage asymmetry compensation device.
Fast-speed ESS already comprehensively and much more effective allow solution of a number of complex problems much more efficiently than traditional methods [1] [2] [3] [4] [5] [6] [7] [8] .
The greatest technical and economic effect of ESS at the present level of energy storage technologies can be obtained in isolated power systems with distributed generation, in Smart and Micro Grids, in autonomous power systems of oil and gas sector of the economy. In the latter case, power supply systems is dominated by consumers with stochastic abruptly variable load, the power of which is commensurate with the capacity of generating units (diesel, gas turbine and gas piston power units). The requirements for ESS for such power systems in terms of power and energy capacity are minimum, quite realizable at the present time. This circumstance makes it possible to accumulate field experience, to work out algorithms and control laws, and to prepare mathematical support for the study of power systems with ESS. The development of the technology and the inevitable reduction of the working cost also will make a The paper proposes and describes a mathematical model of an energy storage system based on a battery energy storage system as part of an electric power system for calculating transient electromechanical processes. The reliability of the model is confirmed by full-scale experiments in an autonomous power system with an abruptly variable load. The model is intended for use in modern software systems to analyze the stability of power systems.
demand for ESS in the large power systems. There are many actual tasks for ESS in large power systems.
Appropriate mathematical models are needed for the calculation of regimes and transients in power systems. Such models should be integrated into the modern software systems. The article is devoted to the development of a mathematical model for the calculation of transient electromechanical processes in the power system, which includes ESS based on BESS. Modeling is carried out on the example of the simplest power system: diesel-generator unit -ESS -abruptly variable active-inductive load.
The main requirements to ESS model
To study the transient processes in power systems with ESS, depending on the task posed, mathematical models of various purposes of different degree of modeling accuracy are necessary. In this paper, we propose a model designed for the calculation of electromechanical transients. Model main purposes are to evaluate the correctness of the choice of parameters of ESS, to test various algorithms for controlling ESS, to show workable and efficiency of these algorithms. A model of this kind should allow us to calculate transient electromechanical processes taking into account the controlled exchange of active and reactive power of ESS and the power system with the main limitation imposed by the characteristics of BESS and SCD [9] . Detailed and accurate simulation of the processes in the reversible transistor converter and in the battery for this model is not required.
Description of the mathematical model
A mathematical model of an autonomous power system with using of ESS was developed in the Matlab / Simulink software package. The model includes three main elements: a diesel generator unit (DGU), a load and an energy storage system (Fig.1) . and a diesel engine model with an automatic speed regulator (ASR). AVR is a typical excitation regulator according to the IEEE type 1 model [10] . The model proposed in [11] was used as a model of a diesel engine with an automatic speed regulator. The block diagram of the regulators is shown on Fig.2 .
Figure 2. Model of AVR and ASR of diesel generator
To reduce the calculation time in the study of long electromechanical transients, the ESS model was developed on the basis of a three-phase controlled power source without using detailed models of a transistor converter and batteries (the energy storage subsystem is specified by its external characteristic). This solution allows us to increase the calculation step by several orders of magnitude, which in turn reduces the requirements for computing power, and also allows us to calculate electromechanical transients lasting several tens of seconds. The general structural diagram of ESS is shown on Fig.3 . A controlled power source is used as a mathematical model of the main power element of ESS. In addition, the ESS model includes three blocks: a block for setting the basic parameters of ESS; a block that simulates the functioning of ESS subsystems in time; block of the control of the power of ESS. In the parameter block, the parameters of ESS are set: the nominal energy capacity, the nominal power, the initial charge level, the maximum and minimum charge limits, and the possibility of limiting the rate of change in power (discharge / charge current).
The block that simulates the functioning of ESS subsystems in time is a set of elements and functions that allow the controlled power source to produce/ consume energy according to a given algorithm, taking into account the specific features of ESS. The block performs the following functions: calculating the current value of the charge level, limiting the maximum / minimum charge level, limiting the required power (the value generated by the control system) to the value of the available power of ESS, limiting the maximum value of the charge and discharge current, limiting the rate of change of the charge and discharge current, also a delay in time, reflecting the finite speed of the control system of the transistor converter.
In the block of the control of the power of ESS, algorithms are implemented that realize the specified modes of operation. 
Verification of the mathematical model
The evaluation of the reliability of ESS model was carried 21,7 kW 89,6 kW out by comparing the results of the calculation with the results of the field experiment. The experiments were carried out with a ESS power of 100 kVA and energy capacity of 153 kWh with Li-iron-phosphate batteries LT-LYP300AH as part of an autonomous power system with a diesel generator unit EDD-100 with a power of 100 kW (125 kVA) operating at an abruptly variable load (Fig.4) . The experiments were performed at the production site of LLC "Systems of Permanent Current" in Novosibirsk by the specialists of LLC ESS and NSTU.
Comparison of calculated and experimental results is carried out on the example of two control algorithms ESS: limiting the load power at the given upper and lower limits and limiting the magnitude of the current derivative of the DGU (dI / dt) with sudden changes in the load power.
Due to the lack of accurate factory data, the parame ters of the diesel generator and its regulators in calculations were adopted by standard ones.
The control experiment
The control experiment without ESS (Fig. 4, 5 ) was carried out with a short-term nature of the change in the active load: cycle duration 10 s, duty cycle 0.5.
Load power limitation
The experiment with the ESS, working according to the algorithm for limiting the maximum and minimum load power at the DGU (Fig. 6, 7 ) was carried out in the same sequence as the control one. Settings: minimum power 45 kVA, maximum -65 kVA). When the output of the load exceeds the limits of the specified values, the difference between the setpoint and this power consumes or gives out ESS. Mathematical model of energy storage for the calculation of electromechanical processes in power systems
Limiting the rate of change in load power
The experiment with the ESS working on the algorithm for limiting the rate of change in load power at the DGU was carried out in the same way as the previous one, but the control algorithm of the ESS limited the magnitude of the current derivative dI / dt of the DGU (Fig. 8, 9 ). 
Examples of calculation of transition processes on results of monitoring of energy objects
Pontoon crane Fig. 10 shows the calculation for an autonomous power system of a pontoon crane. Load is characterized by an abruptly variable diagram (the lower oscillogram in Fig. 10 ), which is fully compensated by DGU with installed power 300 kW. The average load per cycle is 67.7 kW, and the utilization factor of the installed power is 22% [5] . In addition, at the load diagram there are intervals of time during which the energy is recuperated. In this case, the generator goes into an motor mode and accelerates the diesel engine. This mode of operation is typical for load-lifting mechanisms of cyclic action. The variable part of load diagram compensates by ESS. In this exmpale the ESS was tuned to limit the power of DGU in the range from 56.7 to 76.7 kW. The loading diagram with apllying of ESS with DGU is shown on the upper oscillogram of Fig. 10 . It becomes possible to reduce the installed power of the diesel Fig. 11 shows the simulation results for an example of a drilling installation in normal technological process. The autonomous power system of the drilling installation consists of three DGU with a nominal capacity of 1 MW. At the considered time interval (740 s -960 s) there is a load dumping (from 1.9 MW to 0.7 MW). Such disturbance can lead to emergency outage of gas piston units (GPU). For this case, an algorithm is implemented to limit the rate of change in the load power (dP / dt ≤ 100 kW/s). The front of the change in the load power was stretched from 0.04 s to 12 s with the help of the ESS. That provides an acceptable mode of GPU operation. 
Drilling installation

Conclusion
Comparison of calculated and experimental oscillograms shows not only qualitative, but also quite satisfactory quantitative coincidence of the results, which confirms the reliability of the proposed model of ESS and the possibility of its use in modern software systems for the calculation of transient electromechanical processes in power systems that use energy storage systems based on BESS.
